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ADVANCED THERMOELECTRIC
MATERIAL DEVELOPMENT
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Si-Ge: Twin-Lattice Structure
Symmetry Breaking to 60:40

(2,2,0) Twin Crystal
A37 SiGe (220) Phi Scan
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Advanced Thermoelectric Power Generation
and Transmission System

The proposed system encompasses three subsystems:

1. Radioisotope Power (RIP) subsystem
2. Advanced Thermoelectric Generator (ATEG) subsystem
3. Wireless Power Transmission (WPT) subsystem

Artist’s concepts of Mars space power station installed with WPT-ATEG system: space system (left) and ground system (right).
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Solar Thermoelectrics: HAA Model with Ellipsoidal Cross-Section

; Transparent Membrane
ATE Generator Strlp Coverlng Solar Trough

300 cm Aperture Width
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Solar Trough
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Conduction Band

- ALAL Shallow
Wide Bandgap: |onize>$/4 =
Transparent to Deep levels

visible lights

(1) Without Electric Field

Valence Band

Insulator _,)

Transparent Electrode

Deep Levels-
(Neutral)

-

Mobile Electrons

Insulator __,

Transparent Electrode

(2) With Electric Field: Redistribution of Mobile Electrons

R

Negatively
charged I

deep levels

Distribution of Carriers and lonization of Deep Levels

For wide band-gap materials:
= Transparent to visible lights

= Carriers in shallow dopant levels are
mobile to conduction or valence band.

= Deep levels in crystal imperfection capture
or emit mobile charges.

= Bandgap structure is ionized with the loss
or capture of carriers.

For |E| =0,
= Mobile electrons distributed uniformly in
media layer.

= Most of the deep levels are neutral in this
state.

For |E| >> 0,

= Mobile carriers (electrons in the picture)
are re-distributed

= Deep levels are ionized and form new
color centers.

= Absorption coefficient and index of
refraction are changed
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ScN on Al,O,
® BESULTS B= 0.51 [T] D= 0.2 [um]

Carrier Density: x104
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Nb ! Bulk concentration Wz : Sheet concentration

v Mobility Bh ! Hall coefficient

@+ Bulk resistivity o+ Conductivity

delta_R : magnetoresistance alpha : W/H Ratio of Resistance

Intrinsic GaN on Al,O4 ScN grown on c-axis
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Bandgap (eV)

Index of Refraction n

@® Measured Bandgap
—— Linear Regression
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otive Optical Com

Device Area

Geometric grating effect from the reflective array, fabricated at NASA LaRC

f Adaptive Optical Components: Adding a programmability to the co
ents, including lens, grating, apertures, filters and reflectors. Th
be programmed for different wavelengths and polarizations.

> total weight of satellites and increase the working ran




Thin Metal Film

Metal surface has the collec
electrons at the surface; it is ca
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The skin-depth of a good conducti
shallow; a hundred nanometer meta
to block the light penetration.
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Microscopic Spectral Distribution From Individual
Quantum Aperture with 200nm Diameter
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Selected Light Transmission

Laser (532nm) + Front side illumination Laser (630nm) backside illumination only

" Double Depth (0.8um)
¢~ 150nm

iiiLlllllill
ssspeseseten
S0 SN NNS
S88 9000
ess R0
S8 e Bhsssebe
i XTI I
eseeeseee
ottt dd
ceesPPINS
LA A A2 R AL
¢=100nm

Laser fringes

Green light passes through.
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Laser-induced Fluorescence (LIF):
Spectral Signature of GTC element

Toxic Chemical (GTC) Object-dependent Transmitted Light Pat
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Light Injection
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Surface Plasmon Polariton (SPP)
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Light Transmission by undisturbed SPP

Light Transmission by disturbed SPP




Medical Application for Neurosensing

- Tiny form factor <1 mm
- Flexible pin
- Sensor fusion capable

- Power & telemetry
- Redundancy feature

>5cm

- u-SM imbedded Astronaut’s

- uL-SM imbedded canes or darts

Micro Spectrometer (u-SM) Applications

For Space Exploration

Leveraging Factors

- u-SM imbedded rover tires
shoes

- Hyperspectral imaging

- Engine combustion monitoring
- Fuel leak detection
- Hyperspectral Lidar imaging

Can be used in
Tumble-weed type
planetary surface explorer
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FOCAL POINT P1

Photon Collection Time = 4ms

620nm

Sharpness of focal point PI and PX
with a green laser (A=532nm)

10 mW Laser in 2mm diameter (0.3 W/cm?) can
have a focused power density = 10° Watt/cm?

FOCAL POlNT PX ( 2um before destructiT/e

interference height)

Photon Collection Time = 6ms

465nm

Photonic DART Technology
(Densely Accumulated Ray-point by micro-zone-plaTe)
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Circular Grating: 100 rings, 750um diameter
Aperture: 10 ym diameter

Green Laser: 532nm

Pico-Amphere
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nectrometer (u-SM) Applicatic
Lunar & Mars Exploration

U-SM Probes for
Future Mars Lander
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Aero-Space Applicatio

Typical Mechanical Vibration: 0,1Hz ~ 100kHz
Beam-‘scanner has to be faster than a few MHz!
We need Fast Solid State Optical'Component

-
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S-5200 10.0kV 0.7mm x700k SE 9/16/03

Core ~ 8 nm

erritin Protein

Iron storage protein in biological
mechanisms in human, animal, and even
bacteria

24 subunits
Contains up to ~4500 Fe*" atoms

Stable and robust structure to withstand
biologically extremes of high temperature
(up to 80 °C) and pH variations (2.0-10.0)

2, 3, 4-fold symmetry channels for the
transport of ions and molecules.

Hydrophilic 3 fold (Fe**)/ Hydrophobic 4 fold

Electron conduction through ferritin shell is
possible.

Core materials -
Iron (Fe), Cobalt (Co), Manganese (Mn),
Nickel (Ni), Platinum (Pt),
Semiconductors (CdS, CdSe)
Magnetite-maghemite

Trimethylamine-N-oxide, etc.



Ferritin Core

M?*, Oxidant

Ferritin recons
with M3*

Core materials ---- Fe (natural)
Co, Mn, Ni, Pt,As, P,V (s
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Why Bio-Nanobattery ?

What about

» Distributed power storage ?

» Flexible thin-film battery ? - Designer’s dream !!

» [Easy embodiment with power harvesting devices ?

> Biocompatibility with in-vivo nanodevices ? Flexible Nanobattery Film
» Light weight and high energy density ?

» Chip scale power source ?

- Intelligent and autonomous operation

Wearable Electronics (Philips)

Bio-nanobattery patch installed

in autonomous bio-nanorobot

Red Blood Cell
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Fe?*- ferritin Co**-ferritin

Fe(OH),+e <> Fe(OH), +OH~  E°=-0.49V

OH), Il CoOOH/Co(OH), E =
> [ v-MnOOH/Mn(OH),




spoyie) <«—

—p Anode

()* Mn represents as y-MnO, inside Ferritin.

Zn Cd Fe V Hg Mn Co Ni

Zn

Cd 0.422

Fe 0.756 0.334

Vv 0.760 0.338

Hg 1.344 0.922 0.584
Mn (1().690566)* (ﬁgj) (8:;?12) 0%,

Co 1.416V 0.994 0.656 0.072

Ni 1.726 1.304 - 0.966 0.382

Theoretical Values of Bionanobattery

Zn%/Zn2*: -1.246 \V

Cd%/Cd?*: -0.824 V
Fe?*/Fe3*: -0.49 V
V2*/\/3*: -0.486 V
Hg®%Hg?*: 0.098 V
Mn2*/Mn3*; -0.29 V
Co?*/C0o3%*: 0.17 V

Ni2*/Ni**: 0.48 V
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0.2 0.4
E (V) vs. Ag/AgCI

C1: NiOOH +

A1: Ni(OH), >

CV of physically adsc
ferritin on Au electroc
phosphate buffer (p
at the scan rate of
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Fe-Co Bionanobattery Cell — Wet Cell

Bionanobattery Demo Cell

Membrane

Co**-Ferritin

Fe?+ Ferr1t1n
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0.46 V / Unit Cell
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0.25 V / Unit Cell

Thiolated Fe2* = thiolated Co3*
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Estimation of Electrical Output

Electrode: 1”x1” gold films coated on both sides of a quartz slide
Total number of ferritin on each layer of 1” x 1" area:  4.48 x10™
Total available electrons: 2 x 10 per layer = 3.2 x 103 Coulomb
Charge Density per Electrode (2 x 105 layers): 640 Coulomb

Cell Charge Density (array of 10 electrodes): 6400 Coulomb
Operational Run-time: 6400 seconds when Fe?*-Co3* electrodes
discharge 1 C/sec

If we connect 10 gold electrodes together, then

- Parallel connection:  0.79V,1A (2844 mWh)

- Serial connection: 7.9V, 100 mA

YVVVYVYY

Y

Gold Electrode

=
“l!

<— 1 mm Thick —> <—1 mm Thick —




discussed are still under developi

tructured materials for TE applicatio

and Be-Te
o particles and nanoshells

tum technology for optical devices

optical materials
spectrometer

plate oriented materials




